A popular suggestion states that an evolutionarily grounded analogue magnitude representation, also called an approximate number system (ANS) or 'number sense' underlies human mathematical knowledge. During recent years many studies aimed to train the ANS with the intention of transferring improvements to symbolic arithmetic. Methods: We critically evaluated all published studies that aimed to train the ANS. We also carried out a citation analysis of the training studies. Results: There is no conclusive evidence that specific ANS training improves symbolic arithmetic. The citation analysis demonstrates that highly controversial results often get cited in support of specific claims without discussion of controversies. Conclusions: We suggest ways to run future training studies so that clear evidence can be collected and also suggest that data should be discussed in considering both supporting and contrary evidence and arguments.
Introduction
A popular suggestion is that an evolutionarily grounded analogue magnitude representation, also called an approximate number system (ANS) or 'number sense', underlies human mathematical knowledge [8] . During recent years many studies aimed to train the ANS with the intention of transferring improvements to symbolic arithmetic. It is important to critically evaluate these studies because experience shows that interpretations are quickly taken up by researchers, practitioners and parents alike perhaps without much evaluation of how methods, results and study conclusions relate to each other, whereas usually the devil hides in the details. Unfortunately, many review papers tend to gloss over critical study details even though experimental design, analysis and/or inferential logic problems may inhibit clear conclusions or even disqualify results. Hence, in order to see clearly, here we critically review ANS training studies. We highlight both study-specific and general problems. We conclude that there is no conclusive evidence that specific ANS training improves symbolic arithmetic. We suggest ways to run future training studies so that clear evidence can be collected. We draw attention to the fact that highly controversial results often get cited in support of very specific claims in the literature without discussion of controversies. We suggest that this practice may facilitate the creation of a 'highly cited null field' which nevertheless gives an impression of positive results with regard to the ANS training literature. Below we first define important terms, then review studies one by one (because it is crucial to understand the details of individual studies so that they can be properly evaluated) and then draw some general conclusions. We especially point to the importance of bias-free discussion of results and placing them in the context of contrary as well as supportive literature.
What is number sense and the ANS?
A prerequisite of meaningful scientific debate is that we have a clear definition of what we wish to discuss. Literature regarding the ANS and number sense is often not up to this expectation as many researchers use this term in many different ways, and relevant definitions even seem to shift over time. Such confusions may result in some papers citing other papers as supporting evidence whereas they may have used completely different and non-compatible theoretical and/or operational definitions of number sense.
Here we assume that all the following terms mean the same: 'approximate number system', 'ANS', 'number sense', 'quantity representation', '(approximate) magnitude representation', '(approximate) analogue magnitude representation'. We take that all the above terms in the papers discussed below refer to the ANS in the sense defined by [8] . This concept can be defined as an ancient, evolutionarily grounded pre-human sense of magnitude which represents numerosity (the number of items) in a modality-independent and approximate manner and it enables magnitude discriminations. Consequently, it is often claimed that this ANS is the intuitive pre-cursor of all human mathematics [9] . It is to note that previously this concept was mostly called 'number sense', but more recently the tendency is to call it 'ANS'. It is also worth noting that the above ANS definition is very different
